Abstract: Polyaniline (PANI) nanofibers have enhanced water processibility, improved sensitivity and time response when exposed to chemical vapors, and unique advantages in other fields including electric devices and corrosion inhibition. Therefore, PANI nanofibers have attracted great interest and potentials for many commercial applications. In this paper, the advantages, formation mechanism, characteristics, influencing factors of various methods for preparing PANI nanofibers were described in detail. Their conductive properties and mechanism were briefly introduced. Finally, the potential applications of PANI nanofibers were elaborated in many fields such as gas sensors, capacitors, electrode materials for cells, removement of contaminant from water, corrosion inhibition, enzyme immobilization, Schottky diodes, and so on.
Introduction
Since polyacetylene treated with halide vapours was found to have excellent electrical conductivity, the concept of conducting polymer opened a new area for the research on polymer [1] . Crowning that discovery and all the subsequent research, the Nobel Prize in Chemistry for 2000 was an additional incentive to intensify the study of the exciting materials [2] . In recent years, the conductive polymers such as PANI, polypyrroles, polythiophene, polyacetylene, and polyparaphenylene have fascinated researchers worldwide because of their novel physical properties and potential applications [3] . Among various conducting polymers, PANI has been most intensively investigated due to inexpensive monomers, relatively facile processability, favorable environmental stability [4] , structure versatility, modifiable electrical conductivity [5] and unique redox properties [6] , reversible doping/dedoping, change in conductivity and/or its optical properties upon applied potential switching [7] .The polymer has the similar electronic, magnetic, and optical properties to metals, whereas it can retain the flexibility and processibility of conventional polymers. The outstanding properties enhanced PANI in potential practical applications such as chemical sensor devices [8] , light-emitting diodes [9] , electromagnetic interference shielding materials [10] , anticorrosion coatings [11] , separation membranes [12] , lithium-ion battery electrodes [13] , supercapacitors [14] , electromechanical actuators [15] , and so forth. The undoped emeraldine base can be doped with an acid to yield the conductive emeraldine salt structure as shown at the bottom [16] . PANI in the undoped form has five oxidation states such as leucoemeraldine (fully reduced), protoemeraldine, emeraldine (half-oxidized), nigraniline and pernigraniline (fully oxidized) according to the oxidation degree along the polymer chain [16] . Structurally, the difference among the various oxidation states is determined by the ratio of quinoid uinit to benzenoid unit as labeled in Fig. 1(a) . The structure is leucoemeraldine when PANI only has benzenoid rings and the ratios of quinoid unit to benzenoid unit for protoemeraldine, emeraldine, nigraniline and pernigraniline respectively correspond to 1:7, 1:3, 3:5 and 1:1. The five PANI oxidation states can be interconverted by either oxidation (removal of electrons) or reduction(addition of electrons) as indicated. The undoped emeraldine base can be doped with an acid to yield the conductive emeraldine salt structure. The protonated emeraldine has conductivity on a semiconductor or conductor level, many orders of magnitude higher than that of common polymers (<10 -9 S cm -1 ) [17] . Protonated PANI converts to a nonconducting blue emeraldine base when treated with base. Nowadays, various nanophase materials with regular and specified morphology have attracted considerable attention owing to their different potential applications ranging from molecular electronics [18] , biomedical sciences [19] , optoelectronics [20] , and memory devices [21] . Nanostructured PANI with fascinating morphologies and architectures, such as nanowires, nanotubes, nanofibers, nanorods, nano-networks, nanobelts offers the possibility of enhanced performance due to fast transfer of electrons and can be envisioned for potential applications including biosensors [22] , supercapacitor [23] , microelectronic devices [24] , antistatic coatings [25] , energy storage batteries [26] . 1D nanostructred PANI is currently the focus of intense research by the combination of metal-like conductivity with specific chemical and physical properties caused by the size of nanoscale materials. Thus it has superior properties compared to the bulk counterparts in turn on/off time, strength and conductivity [27, 28] , fast charge-discharge kinetics, fast doping-undoping processes, and thus importance in manufacturing nanodevices and understanding the mechanism of electrical conduction. One-dimensional PANI including nanofibers, nanotubes and nanowires etc. grows when the phenazine nucleates may organize in stacks or in cylindrical structures [29] . Compared with conventional bulk PANI materials, PANI nanofibers have enhanced water processibility [30] , improved sensitivity and time response when exposed to chemical vapors [31] , and unique advantages in other fields including electric devices and flash welding [32] . Therefore, PANI nanofibers have attracted great interest and potentials for such commercial applications as sensors, batteries, molecular electronic devices, corrosion inhibitors [33] , separation membranes, electrochromic devices, energy storage units [34] , field emission [35] , flash welding [36] , and digital memory devices [37] . Here in this paper the preparation including formation mechanism, conductive property and applications of PANI nanofibers were summarized and described in detail.
Preparation of PANI nanofibers
The approaches adopted for the production of PANI nanofibers include electrochemical polymerization and chemical oxidative polymerization. Many methods of electrically synthesizing PANI nanofibers include the potentiostatic [38] , pulse galvanostatic [39] and pulse potentiostatic [40] polymerizations. The chemical oxidative polymerization can be categorized into two categories, i.e., the template synthesis and template-free synthesis. In the template synthesis, the nanofibers formed due to the growth of the PANI being limited in nanoscale areas, whereas the nanofibers formed due to homogeneous nucleation of PANI in the template-free synthesis. The template synthesis can be subdivided into hard template synthesis and soft template synthesis. The common template-free methods include interfacial polymerization, rapid mixing polymerization, sonochemical synthesis, dilute polymerization, seeding polymerization, UV-assisted synthesis, surfactant-free emulsion polymerization, etc.
Electrochemical polymerization
The electrochemically synthesized PANI is a relatively purer form compared to that obtained from chemical polymerization due to the absence of additional species such as oxidants, surfactants. Compared with chemical polymerization, the electrochemical polymerization is more environmentally friendly for producing PANI nanofibers due to the following specific advantages: (1) discharged liquid can be easily treated because no oxidant or surfactant is needed in this process; (2) polymerization media can be used repeatedly; (3) polymerization rate can be controlled easily by varying oxidation potential. Therefore, the electrochemical polymerization should be one of the most favored methods for fabricating PANI nanofibers and has attracted a great deal of interest in the past decades. Fig. 2 . The scheme of nanodimensional deposition for PANI nanofibers [43] . The electrochemical polymerization of aniline mainly occurs on the surface of conducting substrate and forms dense PANI nanofiber film on the electrode. Different formation mechanisms of PANI nanofibers during the course of electrochemical polymerization were proposed. Guo's mechanistic study emphasized the existence and effect of the gel (mixture of oligomer, dopant and aniline) [41] . Gels wrapped the PANI and suppressed the nucleation sites so that PANI grows along one dimension rather than forms additional nucleation sites. As the deposition time increases, the interconnected nanofiber networks are formed. The dendritic degree of PANI nanofibers is related to the dopants in the order of PANI-H 3 PO 4 >PANI-H 2 SO 4 >PANI-HNO 3 . However, according to Huang's theory, the nano-fibrillar morphology also appears to be intrinsic to PANI synthesized in electrochemical polymerization. On the 2D PANI layer initially formed with a large array of PANI nodules, PANI nanofibers grow through the electrophilic substitution reaction among the nodules, oligomers, oligomer-based aggregates. A compact 2D layer with a large array of PANI nodules is formed during the initial stage of aniline polymerization before the formation of PANI nanofibers. After the compact 2D PANI layer formed, growth of PANI occurred at the 2D layer but not at the electrode surface. Therefore, these PANI nodules can grow to linear structures through electrophilic substitution reaction at the p-position. At the same time, there exist a lot of oligomers with 1D structure in the electrolyte [42] . These 1D oligomers could connect with each other and form 1D oligomer-based aggregate with longer molecular chains due to the electrophilic substitution reaction, and these 1D oligomers and oligomer-based aggregates also could connect with these PANI nodules due to the electrophilic substitution reaction. As a result, these nodules evolved to extended, elongated fibrillar nanostructures, and then the PANI nanofibers film was deposited on the surface of electrode (The formation process of PANI nanofibers has been shown in Fig. 2 .) [43] . Various experimental parameters such as potential, acidity, dopants, alcohol as additive, and temperature have very important influence on the PANI nanofibers by the electrochemical polymerization. The morpology of PANI nanofibers is affected by the applied potential. PANI nanofibers can be exclusively and easily obtained if the applied potential can be controlled properly. The PANI nanofibers obtained have similar morphology with the diameter of 50-150 nm in spite of the diversity in the synthetic approaches when the applied potentials or current densities are relatively low. When the applied potentials are lower than 0.850 V, the surfaces of PANI nanofibers are smooth because the connection of aniline monomers mainly occurred at p position and the growth pattern was a 1D process. Moreover, the morphology of PANI obtained under different potential applied manners have no obvious difference except for the distinctness of the diameters. When the applied potentials are higher than 0.850 V, the connection of aniline monomers occurring not only at the p position but also at other positions produce coarse PANI nanofibers. Acidity also plays an important role in the morphology. When the H 2 SO 4 concentration is lower than 2.00 M, there is no obvious change for the morphology. However, some nanofibers linked to each other and formed a porous structure when the H 2 SO 4 concentration reached 5.00 M maybe due to the high conductivity of the formed PANI or the sulfonation of PANI at high acidity. The size and the charge number of the dopants have significant impact on the structure of PANI molecular chains and their conjugated length. The ordered molecular chain accumulation and long conjugated length facilitate the formation of the PANI nanofibers. When different dopants such as H 3 PO 4 , H 2 SO 4 and
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p-TSA were applied, the morphology of the PANI nanofibers is similar but the diameters are various. The monomer concentration almost has no obvious impact on the morphology but has significant impact on the polymerization rate and the adhesion strength of the PANI nanofibers. When the monomer concentration increases, both the polymerization rate and the adhesion strength increase. The electrode substrates where the PANI nanofibers could be electrochemically synthesized include stainless steel, titanium, glassy carbon, nickel and graphite and have no obvious influence on the the morphology [44] . The addition of alcohol such as methanol and ethanol gives rise to smaller diameter of electrochemically polymerized PANI nanofibers [45] . Strong intermolecular H-bonds perpendicular to PANI chains exist between the methanol and PANI salt or base (as shown in Fig. 3 ), as is advantageous for the formation of PANI nanofibers. Furthermore, methanol particles wrap the PANI particles and widely prevent them from aggregating together during the polymerization. The temperature also has impact on the morphology of PANI nanofibers [46] . At lower temperature, the PANI nanofibers tend to be regular, uniform and smaller because the electropolymerization as the controlling step is favorable for forming PANI nanofibers. However, at higher temperature, the monomer diffusion becomes the controlling process and the monomer in the vicinity of electrode surface is redundant so that PANI nanofibers get thicker and tend to agglomerate together in local region. 
Chemical oxidative polymerization
Although electrochemical polymerization has various advantages for preparing PANI nanofibers, the product is restricted to the surface of the electrodes so that the comparatively low yield limits its production in large scale. However, chemical oxidative polymerization is an easy and inexpensive means of obtaining PANI Accepted Article nanofibers in bulk quantities though the remained oxidants, surfactants and template will contaminate the PANI samples and affect their electrical properties. According to whether the template is used in the chemical polymerization process or not, the chemical polymerization can be divided into template synthesis and template-free synthesis.
Template synthesis
Template synthesis is a chemical oxidative method which introduces "structural directors" into the chemical polymerization. These structural directors contain "hard templates" such as zeolites, mesoporous silica, membranes, anodized alumina [47] , macroporous carbon [48] and aniline monomers polymerizes in the pores or channels of hard templates. They also contain "soft templates" such as surfactants, organic acids or polyelectrolytes, as assist the self-assembly of PANI nanostructures.
Hard template synthesis
Conducting filaments of PANI have been prepared in the 3-nanometer-wide hexagonal channel system of the aluminosilicate MCM-41. Adsorption of aniline vapor into the dehydrated host, followed by reaction with peroxydisulfate, leads to encapsulated polyaniline filaments (Fig. 4) . Spectroscopic data show that the filaments are in the protonated emeraldine salt form, and chromatography indicates chain lengths of several hundred aniline rings. The filaments have significant conductivity while encapsulated in the channels, as measured by microwave absorption at 2.6 gigahertz. This demonstration of conjugated polymers with mobile charge carriers in nanometer channels represents a step toward the design of nanometer electronic devices [49] . 
Soft template synthesis
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The length and diameter of the products can be controlled by the selected porous membrane for the hard template synthesis. However, the removal of the hard template is tedious and it is difficult to mass-produce nanostructures. Soft template synthesis is an easy, inexpensive, environmentally friendly, and scalable one-step method. In this method, structure directing agents used include sodium alginate (SA), ionic liquid, acids [50] , sucrose octaacetate, etc. Using SA as soft template, PANI-SA nanofibers with high yield have controllable average diameters from 40 to 100 nm by changing the concentration of anline and SA [51, 52] . Their formation mechanism was described as follows: Initially aniline with an amino group reacts/interacts with the SA with carboxylic groups to form SA-aniline complex. In addition, the hydrogen bonds through the hydrogen and oxygen of the adjacent SA or via the -OH group of SA with the amine of aniline construct the junctions between the biopolymer-monomer complexes, as eventually could play a template-like role. Then the addition of APS promoted the conjugation of the PANI chains with limited parasitic branching so that the PANI-SA nanofibers were formed. For highly crystallized PANI nanofibers polymerized using sucrose octaacetate [53] as soft template, a possible formation mechanism for PANI nanofibers is proposed as follows (Fig. 5) . Slight sucrose octaacetate acicular crystals ranging from nanometer to micrometer can initially form. Anilinium ions can be initiated and polymerized on the surface of the sucrose octaacetate acicular crystals with the addition of APS. Furthermore, hydrogen bonding can form between dissolved sucrose octaacetate and anilinium ions or oligomer molecules, which play the role of driving force to form PANI nanofibers. Further increase in hydrogen bonding may lead to PANI aggregation with increasing amounts of sucrose octaacetate.
Fig. 5.
Proposed formation mechanism of the synthesized PANI nanofibers in the presence of sucrose octaacetate acting as an in situ seed and a soft template [53] . Although there are numerous methods for synthesizing PANI nanofibers, a detailed literature survey revealed that most of the research works only produce small amount varying from 30 mg to <1 g scale, as is insufficient for practical applications. Reproducible large-scale synthesis of PANI nanofibers up to 100 g scale was realized via micelle mediated soft template approach using a unique builtin amphiphilic azobenzenesulfonic acid [54] . The amphiphilic dopant molecules form thermodynamically stable micellar aggregates of inherent nanoscale dimensions in solution (4.3 nm). The complexation of aniline with dopant micelles produce long cylindrical micellar aggregates, which act as template for the overall reproducible nanofiber development. PANI nanofibers up to 100 g scale were obtained without altering the morphology, conductivity, solid state ordering, and other electronic properties. The bulk scale nanofibers possesses more expanded confirmation, exhibit more ordering and show one order higher conductivity.
Template-free polymerization
Although PANI nanofibers can be prepared by template synthesis, to remove the hard template may be tedious and also damage the nanofiber structure and the existence of the soft template in the product may influence the properties of PANI nanofibers such as conductivity. Therefore, template-free polymerization is getting more interest because no post-treatment is needed without template so that the fabrication process is much easier and the purity of the final PANI nanofibers is higher. Various template-free polymerization methods will be described in detail in the following part.
Interfacial Polymerization
Interfacial polymerization has achieved more attention due to its easiness, large-scale production ability and environmentally benign nature. Furthermore, it has a capability to produce PANI nanofibers with control of their morphology, size and diameter. Without any specific template, interfacial polymerization generates high-quality PANI nanofibers even using common mineral acids, such as hydrochloric, sulfuric or nitric acid as dopants. The syntheses can be accomplished in one pot with a wide choice of solvent pairs, acid dopants, and reagent concentrations over a broad range of temperatures. Instead of using the traditional homogeneous aqueous solution of aniline, acid, and oxidant, the polymerization is performed in an immiscible organic/aqueous biphasic system with aniline dissolved in an organic solvent and the oxidant in an aqueous acid solution. The aqueous/organic interfacial polymerization has the following advantages: (i) Both the synthesis and purification are simple because no template-removing steps are needed. (ii) Uniform nanofibers comprising >95% of each sample are readily produced. (iii) The synthesis is easily scalable and reproducible. Multiple syntheses performed from millimolar to molar quantities yield nanofibers of the same morphology, size distribution, and uniformity. (iv) The diameter of PANI fibers is at the nanoscale, which dictates their superior performance as chemical sensors. (v) The nanofibers are readily dispersed in water, which could facilitate environmentally friendly processing and biological applications [55] . The morphology of the traditional chemical polymerization includes a small portion of nanofibers in addition to granular particle agglomerations. Initially PANI nanofibers form due to the linear nature of PANI chains. Surrounded by the monomer and oxidant species, they then become the nucleation centers for further PANI precipitation to produce the irregularly shaped granular particles. Only if the
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This article is protected by copyright. All rights reserved. secondary growth is suppressed or prevented can the PANI nanofibers be eventually obtained. For interfacial polymerization, the PANI nanofibers initially formed at the interface between two immiscible liquids. The obtained products in the doped emeraldine salt form become hydrophilic and are easier to diffuse into the aqueous phase, as suppresses the secondary growth, terminates the polymerization and allows new nanofibers to grow at this interface [56] . PANI nanofibers are obtained no matter which solvent is used as the organic phase in the interfacial polymerization. Hence, the interface between the immiscible aqueous/organic layers does not contribute directly to the formation of nanofibers; it simply separates nanofiber formation from secondary growth.
Effect of polymerization conditions
The morphology and properties of PANI nanofibers prepared by interfacial polymerization are dependent on different polymerization parameters such as different monomer-solvent interaction, acid concentration, oxidant concentration, type of acidic dopant and oxidants, the molar ratio of aniline to oxidant, the addition of additives, and so on.
(1) Monomer-solvent interaction The types and the polarity of the organic solvents have no significant effects on the fibrous morphology of the synthetic PANI nanofibers when the strong acid is used as dopant. This is potentially a great advantage because a large variety of organic solvents can be selected as the organic phase [57] . However, the solubility parameters of the organic solvents used in the interfacial polymerization of PANI nanofibers have effect on their structure and properties [58] . The difference in the monomer-solvent interaction leads to the variation in the degree of conjugation, domain length, d-spacing, and strain. The benzenoid to quinoid ratio tends to increase when the interaction of the solvents with aniline decreases, as can be correlated to the increase in the conjugation degree of the polymer chain. Dipole-induced-dipole, polar-polar, and hydrogen-bonding interaction produced the changes in the internal morphology of PANI nanofibers with the change of organic solvents. (2) Aniline concentration The PANI nanofibers were produced at the aniline concentration as low as 0.1M but the quantity of granular particle agglomeration starts to increase with the increasing aniline concentration in the aqueous phase containing 0.05M APS and 1M sulfuric acid. For example, 0.5M aniline produces the mixture of the nanofibers and particle agglomerations. When the concentration of aniline is increased to 1M, the products are completely particle agglomerations, and no fiber structure can be observed from the SEM image. Little aniline at low concentration enters the aqueous phase but the initial PANI nanofibers migrate into water so that the secondary growth may be suppressed and the nanofibers were produced. However, when the aniline concentration is high, more aniline monomer enters the aqueous phase and surrounds the PANI nanofibers there, which likely become the nucleation centers for secondary growth and finally grow into irregularly shaped granular particles [57] . [59] . The morphology of the resulting PANI nanofibers polymerized at different ratios of ammonium peroxydisulfate (APS) to aniline (ANI) by the interfacial polymerization shows that the PANI nanofibers appear at low ratio but the fibrillar morphology becomes more aggregate with the increasing ratio and almost disappears at the ratio of 1 [59] . [57] . The effect of APS concentration on the morpholgy of PANI nanofibers was investigated in the system of toluene (containing 0.1M aniline) and 1M sulfuric acid solution. When the APS concentration is lower than 0.5 M, the diameter of PANI nanofibers keeps nearly constant as small as 40-60 nm with the increase of APS concentration (as shown in Fig. 7 (A) (B) (C)) [57] . However, the product is in the particulate form with an average particle diameter of 40-50 nm when the APS concentration is higher than 0.5 M. At the beginning of the polymerization, the initiator APS molecules induce the formation of nanofibers by rapidly polymerizing aniline monomers. All the APS molecules at low concentration were consumed to form PANI nanofibers, thus suppressing the secondary growth and producing PANI with the morpholgy of nanofibers. At high APS concentration, the nanofibers formed at an early stage of polymerization process become scaffolds for secondary growth of PANI and finally turn into irregularly shaped agglomerates ( Fig. 7 (D) ). (5) Acid dopants and/or surfactants The fibrous morphologies of the synthetic PANI are insensitive to the acid dopants but the dimameters of the PANI nanofibers are different by using various acids as dopant. For instance, the average diameters of the nanofibers produced in sulfuric acid are 40-60 nm, those made in hydrochloric acid are about 20-30 nm, those synthesized in phosphoric acid are around 50 nm and those synthesized in perchloric acid approach 100 nm. The difference probably results from the different anion size of the acids and the dopant structure because PANI needs to be doped with an anion of the acids to maintain the charge balance [57] . The average diameter of PANI nanofibers can be controlled by using surface active dopants and/or surfactants in aqueous phase. When
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twin-tailed anionic surfactants with the cis-1,2-alkylethene sulfonate structure (alkyl = C 5 H 11 or C 7 H 13 ) are used, the average diameter of CSA doped PANI nanofibers decreases in the order of 48 nm (no surfactant) > 35 nm ( C 5 H 11 -twin-tailed) > 28 nm ( C 7 H 13 -twin-tailed). In contrast, that of the PANI nanofibers synthesized using 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPSA) as the dopant increases [60] . (6) Acid concentration At high acid concentration (higher than 0.5M), PANI nanofibers tend to be produced and the size of nanofibers is almost independent of the acid concentration [57] . According to the mechanism proposed by Mattoso et al. [61] , the elongation process during the oxidative chemical polymerization of aniline in an acidic medium involves reactive intermediate species rearranged from protonated aniline. The high concentration of protonated aniline at high acid concentration is beneficial to the rearrangement and elongation of reactive intermediate species so that the PANI nanofibers form. (7) Reaction temperature [62] . During the interfacial polymerization, the reaction temperature plays a predominant role in the morphology, crystallinity and conductivity of PANI products, but has little effect on the chemical structure and thermal stability [62] . PANI nanofibers were produced at 17 °C ( Fig. 8 (a) ) because their quick diffusion to the water suppressed the secondary growth, whereas nanoparticulates and aggregations morphology were observed at 8 °C ( Fig. 8 (b) ) and 0 °C ( Fig. 8 (c) ). Since the translational speed of Accepted Article PANI chains slow down at lower temperature, the generated PANI could not migrate into the aqueous phase in good time. The initial PANI nanofibers gathered at the interface to cause the secondary growth and produce irregular nanoparticulates and aggregations. As the reaction temperature decreased from 17 °C to 0 °C, the conductivity of the PANI nanostructure decreased from 4.15 to 2.36 S/cm because the longer fibers and ordered arrangement of the polymer chains favor electrical conductivity. (8) Introduction of co-solvent into aqueous phase Introducing a certain amount of alcohol molecules into aqueous solution changed the polyaniline morphology from generally irregular shaped particles to the nanofibers, nanotubes or more complex nanostructures through chemical oxidative polymerization of aniline monomers. A series of alcohols introduced include methanol, ethanol, 1, 6-hexanediol, 1-propanol, ethylene glycol and glycerol, isopropanol (IPA) , and their mixtures. The addition of IPA into aqueous solution in the interfacial polymerization has a significant influence on morphology, microstructures, conductivity and properties especially capacitive properties of PANI. Adding a small amount of IPA (<5%) improved the ratio of length to diameter, conductivity and the capacitive properties. The growth and migration of PANI molecules strongly depended on the IPA content through tuning the hydrogen-bonding strength between PANI chains and IPA molecules. However, increasing the IPA content limits the migration of polyaniline nanofibers into aqueous phase so that the morphology changed from nanofibers to nanorods with high crystallinity, and finally to a mixture of short nanorods and irregular shaped particles [63] . Moreover, a small amount of acetone can well control the growth of PANI nanofibers by the interfacial polymerization [64] . The acetone addition slowed down the polymerization rate and the resultant PANI nanofibers exhibited larger aspect ratios, higher yield, crystallinity and conductivity, as thus brings about better electrochemical behaviors. Their best thermal stability is mainly caused by its highly ordered molecule arrangement.
A novel interfacial polymerization
For the traditional interfacial polymerization of fabricating PANI nanofibers, the polymerization was carried out without any stirring and the volumes of the organic and aqueous phases were almost equal to each other. On the contrary, for the novel interfacial polymerization, the aniline was dissolved in xylene and directly added into the aqueous solution of the oxidant under stirring [65] . And the amount of organic solvent used is only 1/20 of the aqueous phase and this greatly decreases the environmental pollution. On the other hand, the solvent is dispersed in the reaction solution as liquid drops under stirring so that the interfacial area and the reaction sites for the polymerization of aniline are greatly increased and the formation efficiency of PANI nanofibers is improved. Different preparation conditions, including the xylene usage, reaction time and stirring rate have been carried out in order to investigate their influence on the morphology, structure, water-dispersity and conductivity of the resulting polymer. The results showed that more xylene usage and longer reaction time would decrease the doping level of the resulting PANI and produce aggregates,
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though water-dispersity of the corresponding products was increased under such conditions. A slower stirring rate was favorable for obtaining higher doping level, but the morphology uniformity of the nanofibers was not as good as that obtained from the quicker stirring rate.
In a solids-stabilized emulsion
For the preparation of PANI nanofibers with the average diameter of about 33 nm by the interfacial polymerization in solids-stabilized emulsion using MgCO 3 as emulsifier, relatively small amount of oil phase and short polymerization time were needed compared with the originally reported interfacial polymerization approach [66] . MgCO 3 particles assembled at the interface of tolune (containing aniline) and water (containing APS) to form and stabilize the emulsion after the organic solution was dispersed in the aqueous phase under agitation. The formation of emulsions may effectively increase the interfacial area between two immiscible liquids, as increases the polymerization rate and decreases the amount of oil phase needed to a certain extent. After aniline in the droplets of the emulsion diffused into the O/W interface and polymerized under the oxidation of APS, PANI particles were generated at the interface and tended to elongate to fiberlike shapes.
In compressed liquid CO 2
PANI nanofibers synthesized in compressed liquid CO 2 by the interfacial polymerization has diameter range of 30-70 nm and a length range of 0.3-1μm, the conductivity of 4.34 S/cm, crystalline one-dimensional structures and high thermal stability [67] . Aniline molecule with two functional groups having different polarities of -NH 2 and -C 6 H 5 was dissolved in liquid CO 2 and its polar portion tends to orient towards the aqueous phase at the CO 2 /H 2 O interface. The primary PANI nanofibers were contained in the aqueous phase but the aniline molecules in liquid CO 2 were separated by the interface so that the secondary growth was prevented. Therefore, the nanofibers formed at the interface maintained its morphology and were successfully preserved in the aqueous phase.
In the presence of para-phenylenediamine (PPD)
PANI nanofibers prepared in the presence of PPD by the interfacial polymerization were longer and less entangled than those in the absence of PPD due to a much faster polymerization rate in the initial stage [68] . This method has the advantage of mass production within the short time, and the electrode prepared from this material displays high supercapacitor performance. The additives cannot only have a profound impact on the polymers morphology, but also can improve their specific energy and specific capacitances.
Rapid mixing polymerization
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Rapid mixing reaction route is a template-free, simple, environmental friendly method and capable of making nanostructured PANI with controllable morphologies and sizes. Among all the template-free methods for preparation of PANI nanofibers, the rapid mixing polymerization is deemed the easiest one, in that no organic solvent or other assisting techniques are needed. The initiator solution (APS in 1M HCl) is added into the monomer solution (aniline in 1M HCl) all at once, rather than slowly feeding it in by titration or syringe-pumping. Sufficient mixing can be achieved with a magnetic stirrer or shaker to evenly distribute the initiator and monomer molecules before polymerization. As the polymerization begins, the initiator molecules induce the formation of nanofibers by rapidly polymerizing aniline monomers in their vicinity. Therefore, all the initiator and monomer molecules are consumed to form PANI nanofibers, thus suppressing the secondary growth of PANI. The product from a rapid-mixing reaction in an ice bath is almost exclusively PANI nanofibers of uniform sizes. The nanofibers formed are similar to those obtained by interfacial polymerization [69] . While according to Chiou and Epstein [70] , a "depleted region" of aniline cation radicals and oligomeric intermediates was formed around the primarily formed PANI nanofibers, and the nanofibers were able to continuously grow and elongate in one direction because their ends extend to the "less depleted region". Besides, the reduced nucleation sites on the surfaces of the primarily formed PANI nanofibers would also contribute to the survival of PANI nanofibers at the end of the polymerization. By examining the effect of stirring on the morphology of PANI in a rapid mixing polymerization and interfacial polymerization, Li and Kaner [71] pointed out that the formation of PANI nanofibers resulted from homogeneous nucleation, while granular PANI from heterogeneous nucleation. The morphology of PANI nanofibers by rapid mixing polymerization is relative to different conditions including aniline, acid concentration, reaction time and acid types [72] . PANI nanofibers appear at the aniline concentration of 0.1 M but form aggregate at the aniline concentration of 0.2 M. A higher aniline concentration would accelerate the agglomeration of the freshly formed PANI because stronger interaction between the resulting PANI would occur when more aniline monomers were used. Moreover, an acid solution with concentration of more than 0.5 M resulted in PANI films with nearly all nanofibers, though a few agglomerates could be formed when the acid concentration reached 1 M. The agglomeration became more and more obvious with increase of the reaction time due to the serious secondary growth. PANI nanofibers were prepared by rapid mixing oxidation in different kinds of acids such as HCl, H 2 SO 4 , H 3 PO 4 , acetic acid, oxalic acid. PANI obtained in H 2 SO 4 system possessed the best morphology with uniform diameter of about 60 nm, furthermore, the fibers reached to several microns in length and formed dense network structure [73, 74] . During the course of synthesizing PANI nanofibers by the rapid mixing polymerization using APS/Fe 2+ as redox initiator, the addition of Fe 2+ substantially increased the polymerization rate [75] . The sulfate radical anion with a standard redox potential of 2.6 V is used as a substantial oxidant for the polymerization of aniline. PANI nanofibers can be formed under homogeneous nucleation conditions owing to
the chemical oxidative polymerization process itself and the linear nature of PANI molecular chains. Accelerating the rate of polymerization will rapidly produce high oligomer concentration to favor homogeneous nucleation, which reduces the secondary nucleation sites on the preexisting nanofibers [76, 77] .
High gravity chemical oxidative polymerization
Although rapid mixing polymerization is considered as the simplest approach with no organic solvent or other assisting techniques in producing PANI nanofibers, the relatively low aniline concentration in this process would be an obstacle to prepare PANI nanofibers in large scale. High gravity chemical oxidative polymerization (HGCOP) in a rotating packed bed (RPB) with a relatively higher aniline concentration [78] was adopted to solve the problem for the mass production of PANI nanofibers by chemical oxidative polymerization. [78] . With the increase of reaction temperature, the diameters of PANI nanofibers decreased and the conductivity of PANI first ascends and then descends. As pointed out by Li and Kaner, the transient concentration or the supersaturation level of PANI molecules at higher temperature is much higher than that at lower temperature [71] . Higher temperature favors more the homogeneous nucleation owing to the faster formed embryonic nuclei than the lower temperature, while lower reaction temperature favors heterogeneous nucleation. The yield of PANI nanofibers was improved by a novel multi-step oxidation process on the basis of HGCOP in a RPB under a higher initial aniline concentration of 0.5M [79] . PANI nanofibers with the yield of 76.1%, diameter of 50-80 nm and average aspect ratio of 9.7 were obtained by the two-step oxidation process with different molar ratios of APS/aniline for various oxidation stages. Combining the specialties of RPB, the formation process of PANI nanofibers in RPB are thought as follows: Firstly, the acidic solutions of aniline monomers and APS were mixed fully under the action
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of high gravity in RPB. Then, aniline monomer is oxidized by APS into cation radicals, and two of them form dimer according to head-to-tail, as a result, the dimers distribute in entire system evenly. As oxidation potential of the dimers is lower than the monomer, dimers are immediately oxidized into cation radicals, which attack monomer by aromatic ring electrophilic substitution mechanism. Under the effect of further oxidation, the dehydroaromatization of dimer cation radicals will produce trimmers. The process of electrophilic substitution and aromatization is to repeat alternatively itself, and the chain sustains growth until the coupling activity of the generated polymer cation radicals disappears, thus extending its one-dimensional structure. The homogeneous formation of the dimmers as nucleation sites is the most critical factor during the entire process [80] . The reaction substances under the high gravity can quickly reach micro-mix in RPB, which provides a good environment for the preparation of PANI nanofibers.
Seeding polymerization
"Nanofiber seeding" method is extremely simple to synthesize bulk quantities of PANI nanofibers in one step without the need for large organic dopants, surfactants, and/or large amounts of insoluble templates. Seeding a conventional chemical oxidative polymerization of aniline with even very small amounts of biological, inorganic, or organic nanofibers (usually <1%) dramatically changes the morphology of the resulting doped PANI powder from nonfibrillar (particulate) to almost exclusively nanofibers. It is important to note that just 1-4 mg of the seed nanofibers was sufficient to change the morphology of the bulk precipitate (200 mg) quantitatively to nanofibers. In contrast, unseeded reactions (conventional synthesis) or reactions seeded with particulate PANI powder yielded emeraldine·HCl precipitate having nonfibrous, particulate morphology. There is, however, a significant difference in the capacitance values for PANI nanofibers. For example, a capacitance value of 122 F/g was obtained for emeraldine·HCl nanofibers synthesized using PANI (nanofibers) as the seed template as compared to 33 F/g in nonfibrillar emeraldine·HCl (Fig. 8) .
Elevated capacitance values were obtained for all seeded systems [81] . 
Self-assembly polymerization
Thin PANI nanofibers were successfully prepared by self-assembly method by using FeCl 3 with low redox potential as oxidant in the presence of organic acids (p-TSA, β-NSA, CSA) [82] or inorganic acids (HCl,H 2 SO 4 , H 3 PO 4 and HF) [83] . All PANI nanofibers oxidized by FeCl 3 possess thinner diameter and higher crystallinity and conductivity than those by APS because the lower redox potential of FeCl 3 (0.77V) than APS (2.0V) results in their lower growth rate. Self-assembly mechanism of PANI nanofibers is as follows: The micelles composed of dopant/aniline salt are regarded as soft template and the polymerization takes place at the micelle/water interface due to the hydrophilic property of FeCl 3 . The growth of PANI nanofibers is allowed by accretion [84] and/or elongation process [85] . The dopant diversity and the [FeCl 3 ]/[An] have little effect on the diameter of the nanofibers, which depends on the oxidant. The PANI nanofibers with high conductivity were also chemically synthesized via a self-assembly process by adding inorganic salts (e.g. LiCl, NaCl, MgCl 2 and AlCl 3 ) as the additives in the presence of APS as oxidant, respectively [86] . Compared to those without adding inorganic metal salts [87] , the addition of metal salts results in the thinner diameter of the nanofibers in the range of 17-23 nm, as arises from the slower rate of accretion or elongation process due to lower polymerization temperature. The chrysanthemum flower-like morphology appears via an aggregation process through an interaction between the nanofibers when the concentration of inorganic salts is increased.
Dilute polymerization
Dilute polymerization was developed by Epstein et al. to synthesize PANI nanofibers using APS as an oxidant in the presence of protonic acid as a dopant without external template [88] . Dilute polymerization is a simple approach to synthesizing PANI nanofibers in an aqueous solution without the aid of specific templates such as surfactants, large organic dopant acids, organic solvents, nanoscale seeds, oligomers, etc. Such polymerization needs to be carried out in dilute aniline at a substantially lower concentration of aniline, e.g. ~0.008M. This contrasts with the relatively high concentration of aniline used to synthesize PANI powders in the conventional polymerization. The formation of the interconnected branched nanofiber networks may be explained as follows: In the event of high aniline concentration in solution, a competition between a directional fiber-growth process and formation of additional nucleation centers takes place. Once a high density of nucleation centers is generated,
Accepted Article
the interfacial energy between the reaction solution and nanofibers may be minimized [89] , and hence rapid precipitation occurs in a disordered manner, yielding irregular shapes. In a dilute solution, the number of nucleation sites formed on the surface of the nanofibers may be reduced, thus allowing PANI to grow only in a one-dimensional morphology [88] Error! Bookmark not defined. . PANI nanofibers produced with different acids showed similar nanofiber structures of interconnected networks and similar range of lengths, up to several micrometers. However, different types of acids could produce PANI nanofibers with different diameters. The diameter of PANI nanofibers could be controlled directly by the appropriate selection of dopant acids. 4-toluenesulfonic acid (TSA) doped PANI nanofibers synthesized by dilute polymerization have the diameter of 50-100 nm and lengths varying from 500 nm to several micrometers. Most of the flexible nanofibers are twisted and tend to agglomerate into interconncected networks [90] .
Surfactant-assisted dilute polymerization
Aniline was polymerized into PANI nanofibers by the surfactant-assisted dilute polymerization in the presence of the surfactant cetyltrimethylammonium bromide (CTAB) with the dopant citric acid [91] . It was proved as a simple method to process larger PANI nanofibers of 1-2 mm length. The surfactant micelles stabilize droplets against the collisions and affect the distribution of the reactants. The micelle/water inferface in this system could be similar to the organic aqueous interface in the interfacial polymerization. And the aggregates in the solution act as pseudo-templates for fibrillar polymer growth. The capacitance of PANI nanofibers increased with the decrease in fiber diameter due to the large accessible surface area.
Pseudo-high dilute polymerization
Although PANI nanofibers successfully prepared by dilute pathway are highly uniform, its low yield obtained from dilute anline would not meet the requirement for large scale product. Nanocale PANI fibers were readily prepared under pseudo-high dilute conditions with the aniline concentration of 0.4 M in aqueous solution [92] . The product has high yield, which is 50 times higher than that in dilute polymerization pathway, high conductivity (100~101 S/cm) and crystallinity. The diameters of the nanofibers were tunable by the appropriate selection of the dopant acids and the dropping rate of aniline. The nanofiber diameter becomes smaller with the increasing adding rate of aniline. The initial forming nanofibers serve as nucleation sites for the growth of following nanofibers according to classical nucleation theory [93] . For slow-dropping rate, the dropping aniline would form a new nucleation on nanofibers nuclei surfaces initially formed and further grow to large diameter. As the dropping rate increased, the aniline nearly whole formed initial nanofibers nuclei and no much more residual aniline grew on nucleation sites, and thus the small diameter was formed.
Emulsion polymerization
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This article is protected by copyright. All rights reserved. Fig. 10 . Mechanism for the formation of PANI nanofibers by reverse microemulsion technique [94] Reverse microemulsion approach appeared as an effective tool to fabricate monodisperse, pure, and uniform nanomorphologies. The most prominent feature of this method is that the formed micelles can be used as encapsulated nanoreactors for the polymerization of aniline, leading to the formation of PANI nanostructure in a confined medium. In reverse microemulsion, the structure-determining materials (i.e, surfactants) direct the nanostructures to specific crystallite size and shape [94] . The PANI nanostructures obtained from CTAB based reverse microemulsion are composed of fibrous structures with an average diameter of 20 nm and the length of up to several micrometers. The formation mechanism for PANI nanofibers by the reverse microemulsion technique is schematically illustrated in Fig. 10 . In case of CTAB based reverse microemulsion, the pairing of oppositely charged counter ions S 2 O 8 2-from the oxidizing agent APS drastically decreases the head group-area, thereby increasing the packing parameter P [95] . Therefore, in such a case the electrostatic interactions are strong and in turn the packing parameter P would attain values between 1/3 and 1/2 resulting in the elongation of the micellar droplets, and forming long fine nanofibers. The reverse micelle molecules assembled parallel just like threads and the growth of particles is limited in these threads like micelles. The threadlike or giant worm-like micelles represent an extreme case of growth into elongated micelles.
Reverse microemulsion technique
Inverted emulsion polymerization
PANI in 3D nanofiber network was obtained via inverted emulsion polymerization pathway using sulfonated-p-cresol (SPC) as novel dopant in presence of sodium
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This article is protected by copyright. All rights reserved. [96] under stirring. Generally, conductivity of PANI salts depends on oxidizing power of oxidant and doping efficiency of protonic acid used during the oxidation polymerization of aniline. When the reaction was carried out under static to stirring condition, the value of conductivity drastically increased aniline undergoes more efficiency of oxidation and doping level during stirring condition, wherein, the reaction proceeds homogeneous mixing of whole reaction mixture. This method provides a wider, simpler, and repeatable route for the preparation of three-dimensional nanofiber networks of PANI . Fig. 11 . Proposed mechanism of PANI synthesis under the UV light illumination [98] . With the UV assisted process, PANI nanofibers appear with similar ranges of lengths, from 500 nm up to several micrometers, in contrast to a mixture of granular and fibrous structures obtained without the UV illumination [97] . The enhanced generation of PANI nanofibers is attributed to the UV light illumination. At the early stage of polymerization, the attack from photons makes the aniline monomer excited and promotes the formation of aniline radical cations and oligomeric intermediates, favoring homogeneous nucleation and the formation of PANI nanofibers. Furthermore, the excited oligomers promotes the formation of PANI nanofibers. Specific mechanism of PANI nanofibers formation by UV-assisted polymerization using FeCl 3 as oxidant was proposed [98] . As shown in Fig. 11 , with the aids of illumination from UV light and oxidation from FeCl 3 , one aniline radical cation is formed after the aniline monomer is excited into the excited state by a photon and simultaneously an electron can be transferred to the Fe 3+ ions from the excited aniline monomer. Then the aniline radical cation can interact with a second one through head-to-tail coupling to produce oligomeric intermediates. Meanwhile, further UV light illumination excites the more oligomers, promoting the formation of PANI nanofibers. Due to the Accepted Article assistance of the UV irradiation, the synthesis of PANI nanostructures can be carried out in very wide ranges of reaction conditions. Moreover, the UV light illumination allows a much decreased ratio of APS to aniline and increases the polymerization rate and yield. The advantages of the present process include simplicity, high speed, high quality, ease of scale-up, good reproducibility, low cost and no environmental pollution.
UV assisted polymerization
Ultrasonic irradiation assisted polymerization
PANI nanofibers with higher yields were also prepared by the dropwise addition of an APS solution to an aniline solution in the presence of ultrasonic irradiation, as effectively prevents the growth of the primary nanofibers into thick fibers and especially the agglomeration of the thick fibers into irregular particles [99] . The formation of nanofibers could be attributed to the micelles formed by the aniline/dopant acid salt or amphiphilic anilinium ions and the ultrasonic irradiation preventing the secondary growth of PANI to form large agglomerates [100] . The diameter of nanofiber ranges from about 50 nm using nitric acid or hydrochloric acid to more than 110 nm using perchloric acid as the dopant. PANI nanofibers prepared by applying ultrasonic irradiation have different morphology at different temperature [101] . PANI nanofibers prepared at 5℃ are found to be uniform and have an average diameter of 50 nm. Relatively, PANI nanofibers prepared at 35 ℃ are found to be non-uniform with an average diameter of 80 nm. The cycle stability of PANI nanofibers remarkably increases when compared to PANI prepared by simple oxidative polymerization of aniline
Dopant-free template-free method
The PANI nanofibers were successfully prepared using the DFTFM (dopant-free and tetmplate-free method) through chemically oxidative polymerization in the presence of APS, Ce(SO 4 ) 2 , FeCl 3 , Fe 2 (SO 4 ) 3 , and CuCl 2 as the oxidants [102] (as shown in Fig.  12 ). The oxidant serves as both oxidant and dopant at the same time because of protons (H + ) generated from the oxidant during the polymerization process. Although the fibril morphology of the resulting PANI was almost independent of the redox potential of the oxidants, the diameter of the fibers significantly decreased with decreasing redox potential of the oxidants. The redox potential of the oxidants affects the polymerization or elongation process in that higher redox potential leads to higher polymerization or elongation rate, resulting in a larger diameter of the nanofibers for a given polymerization time. Interestingly, there is a well-fitting linear correlation between the standard redox potential of the oxidants and the logarithm of the average outer diameter, as shown in Fig. 13 (solid squares), which can be expressed as log 0.69 0.71
where d is the average outer diameter of the resultant nanofibers and E ox is the standard redox potential of the oxidants. Equation 1 indicates that a well-controlled diameter of the PANI nanofibers can be realized by changing just the redox potential
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of the oxidants used. 
polymerization [102] .
Surfactant-free emulsion polymerization
Low yield of PANI nanofiber is a common disadvantage of electrochemical polymerization and chemical methods such as seeding, dilute solution, interfacial and rapid mixing polymerization. Surfactant-free emulsion polymerization was adopted as a facile method to prepare the PANI nanofibers with high yield, conductivity and solubility. Compared with the conventional emulsion polymerization, it is suitable for generating uniform, well-distributed nano-or microparticles without contaminating surfactants [103] and can avoid the post-process of the template or surfactant. Using APS as the oxidant and fumaric acid as the dopant, PANI nanofibers were successfully fabricated via surfactant-free emulsion polymerization under different polymerization conditions [104] . Fumaric acid doped-PANI prepared in the optimal polymerization condition has the highest yield of 146.6% (PANI/aniline in weight) and conductivity of 1.56×10 -2 S/cm. Moreover, it has the morphology of nanofibers with a dense array of nodules, an excellent solubility in organic solvents, high crystallinity, partially doping state and good thermal stability. The entrance of fumaric acid into PANI backbone endows it with a flexible nano-fibrous microstructure, improves its crystallinity and conductivity, and changes the extent of charge delocalization.The high solubility of 2.8 g/100 mL in NMP improves its processbility and broadens its application range.
Porous membrane controlled polymerization (PMCP)
Fig. 14. Schematic illustration of porous membrane controlled polymerization. A porous membrane is used to separate the monomer and oxidant solutions, resulting in careful control of nucleation and growth of nanofibers [105] . Porous membrane controlled polymerization (PMCP) is a novel, simple and scalable technique to control the formation of PANI nanofiber. It is different from the template polymerization in that the resulting nanofibers are not confined in the channels of the membranes, therefore, this eliminates the otherwise necessary step of removing the template, as may damage the nanofibers. Furthermore, PMCP is an environmentally
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benign organic solvent free, low-cost process distinct from the interfacial polymerization because organic solvents required in interfacial polymerization results in the waste posttreatment. Fig. 14 shows the concept of porous membrane controlled polymerization. The monomer dissolved in an aqueous acid solution is separated by a permeable membrane from an aqueous oxidant-acid solution in a reaction chamber. Monomer (or oxidant) diffuses through the membrane at a controlled rate and polymerization occurs to form PANI nanofibers at the membrane-solution interfaces. Simultaneously, the pores of the membrane shrink in diameter and then are blocked due to the precipitation of PANI resulting in the termination of the polymerization. Such termination resulting from the effect of pore shrinking is more obvious for the higher concentration of monomer and oxidant (e.g., 100% w/w of aniline). When the polymerization is completed, PANI nanofibers are collected directly outside or inside the membrane without any further treatment. Through appropriate synthesis conditions, there are nearly 100% nanofibers formed with diameters tunable from 20 nm to 250 nm via the selection of pore diameter, monomer, counterions, and polymerization conditions. The nanofiber lengths vary from sub-micrometre to several micrometres [105] . Fig. 15 . Mobilities of positive charge carriers in films of PANI nanofibers synthesized by (•) rapidly mixed polymerization and PANI synthesized by (○) conventional polymerization at different oxidation levels [112] . The conductivity of chemically or electrochemically synthesized PANI ranges from 10 -4 to 10 2 S/cm. Its conductivity depends on many factors such as molecular weight or chain length [102] , protonation degree and oxidation level [107, 108] , morphology and texture [109] , and degree of crystallization [110] . The conductivity of PANI nanofibers synthesized by interfacial polymerization could exceed 30 S/cm [111] , higher than that of PANI without nanostructures. Based on their similar crystallization degree and protonation percentage, the nanofibrillar morphology must attribute to the
Conductive properties and mechanism
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higher conductivity due to its orientation. At the same oxidation level, the conductivity and the mobility of positive charge carriers for PANI nanofibers by rapid mixing method are higher than those of conventional PANI (as shown in Fig. 15 ). The more liner or less defect polymer chains in PANI nanofibers than those in conventional PANI lead to the more ordered inter-chain arrangement and longer π-conjugation length, as improve the charge transport and thus enhance the apparent mobility of charge carriers. Although the nanofiber structure enhances the conductivity and facilitates the charge transport, it is irrelevant to the trend of conductivity variation and the evolution of metallic conduction induced by the oxidation [112] . Some models have been proposed in order to explain the conductive mechanism of conducting polymers. The charge-energy-limited-tunneling (CELT) model describes the charge transport in a system of metallic particles embedded in a dielectric matrix [113] . Besides, a variable-range-hopping (VRH) model was used to explain well the conductive property of conducting PANI in the range from 10 to 260K [114] . The conductivity variation with the temperature for the pressed pellet of HCl-doped PANI nanofibers reveals that the three-dimensional variable-range-hopping (3D-VRH) model is suitable for explaining its conductive mechanism. One PANI nanofiber of 500-2000 nm in length and about 50 nm in diameter contains lots of PANI chains with Cl -ion of small size. The small interchain separation results in an existence of strong coherence/coupling between chains. As a result, charge carriers could hop from one chain to the other to form the three-dimensional variable-range-hopping [115] .
Applications
Based on the excellent properties, PANI with different morphologies has broad potential application in many fields such as sensors, capacitors, electrodes materials for cells, corrosion inhibition, and so one. Because PANI nanofibers have nanosize microstructure, higher effective specific surface area and improved charge transport, they exhibited special characteristics in the aforementioned application fields.
Sensors
Chemiresistor gas sensors based on conducting polymer nanostructures are particularly attractive as these compounds can be modified chemically and structurally to exhibit a high sensitivity to a range of gases and vapors. The sensors based on them generally operate at their room temperature. PANI can be used as gas sensors because its conductivity is sensitive to many chemical vapors at the parts per million level or less. Upon the exposure to different gases such as hydrochloric acid (HCl), ammonia (NH 3 ), hydrazine (N 2 H 4 ), chloroform (CHCl 3 ), the response mechanism consists of protonation, deprotonation, reduction, swelling and conformational alignment, respectively. PANI nanofiber-based sensors can detect many toxic chemicals including acids or those rapidly hydrolyze in humid environments to form acids, such as HCl, HF, HNO 3 , PCl 3 , BF 3 because they can protonate the emeraldine base form of PANI and increase its conductivity. Conversely,
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the protonated emeraldine salt of PANI can be used to detect basic vapors such as NH 3 or organic amines because they can deprotonate the polymer and decrease the conductivity. Because the redox active chemicals such as Cl 2 , F 2 , Br 2 , I 2 , N 2 H 4 , NO x and SO x can change the inherent oxidation state of PANI and thus its conductivity, they can also be detected by PANI nanofiber based sensors [116] . In sensor applications, PANI nanofibers have greater sensitivity and a faster response time due to a higher effective specific surface area and shorter penetration depth for target analyte molecules compared with its conventional bulk materials [117] . Moreover, the porous nature of the nanofiber films enables gas molecules to diffuse in and out of the fibers rapidly. This also leads to a much greater extent of doping or dedoping over short times for the nanofiber films. Therefore, PANI nanofiber films appear to have better performance in both sensitivity and time response compared to conventional PANI films [55] . Surprisingly, the nanofiber films show essentially no thickness (0.2-2.5 μm) dependence in their performance.
HCl gas sensor
PANI is conductive in the emeraldine salt form and insulating in the emeraldine base form. The nonconductive form can be converted to conductive form by the application of HCl.
The exposure of PANI to HCl leads to a rapid drop in resistance with the decrease of up to ~8 orders of magnitude within a short period of time. The charge created by the protonation of the imine nitrogens by HCl is counter-balanced by the resulting negatively charged chloride counterions. The change in the conductivity is brought about by the formation of polarons (radical cations) that travel along the polymer backbone [118] . The response of conventional PANI film is slower and smaller than the PANI nanofiber film and decreases with the film thickness (Fig. 16a) . However, no change in sensitivity or time response appears for nanofiber films of varying thicknesses (Fig. 16b) . PANI nanofiber film has a porous structure with a three-dimensional, interconnected network of fibers with small diameter and high surface area. The porous structure allows for the easy diffusion of HCl gas into and out of the bulk of the fiber film and the small diameters and high surface area lead to rapid diffusion of the dopants into the PANI. Therefore, the PANI nanofiber film gives faster and larger response than the conventional PANI film [117] .
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Ammonia gas sensor
PANI has excellent ammonia gas sensing properties because the amine groups are deprotonated and the emeraldine salt is converted into emeraldine base with dropped conductivity. The mechanism to explain sensitivity and reversibility of PANI layers to NH 3 is a deprotonation-reprotonation, as represented below [119] :
In the presence of ammonia, the following reversible reaction predominantly goes towards the right so that the resistance increased rapidly. However, when PANI nanofiber film was exposed in the air again, the reaction goes towards the left and the resistance decreased to the initial value. The good ammonia sensing properties of the PANI nanofiber film result from their large specific surface area and interconnected network structures, as leads to fast response and high sensitivity. Compared with the conventional PANI film, more ammonia gas easily diffuses into and out of the interconnected network structures and react with the active sites of PANI chains in short time [90] . The increased NH 3 concentration affected the response and recovery times; the response time decreases from 427 to 122 s with an increase in recovery time from 180 to 1245 s with increasing NH 3 concentration from 10 to 100 ppm [120] . Compared with the exposure to HCl, the response of PANI nanofiber film to NH 3 is slower and smaller with the resistance increase of ~25-fold. The mechanism was proposed as follows [117] : First, a large amount of base is required to convert fully doped PANI to the insulating form because fewer dopants are required to reach the percolation threshold for conductivity than to be removed to achieve an insulating state. Second, complete dedoping is hard to achieve in the gas phase since PANI in its emeraldine base form competes with ammonia for the acid dopant. Third, the product of ammonia and HCl, i.e.,NH 4 Cl is
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not neutral since it may hydrolyze to reform HCl in the presence of any minute amount of water vapor. As a result of these factors, the film is less sensitive and takes longer to respond to ammonia than HCl [121] .
Hydrogen gas sensor
PANI could absorb hydrogen possibly because of metallic property with molecular sieving effect [122] and the effect from high surface areas provided by hypercrosslinked PANI structure. Such a hypercrosslinked structure produced a rigid and mesh structure creating nano-pores that have a high affinity for hydrogen resulting from the enthalpies of adsorption [123] . Polar solvent soluble PANI nanofibers by the polymerization of aniline in the presence of sucrose tend to agglomerate into interconnected nanofiber networks [124] . The new PANI nanofibers show hydrogen absorption capability as high as 4.3 wt% at 298K and 20 atm. The nano-pores created by positioning the sucrose molecules in PANI nanofibers could absorb and store hydrogen since the sucrose molecules serve as "pillars" among the multi-layers of PANI nanofibers. When eletropolymerized PANI nanofiber films with different thickness were exposed to different concentrations of hydrogen gas, the frequency shift increases as the thickness increases at the concentration below 0.5% but the film of ~3.5 μm thick exhibited the largest frequency shift for 1% H 2 concentration [125] . Because the thick film of PANI nanofibers provides more surface for H 2 adsorption than the thin film, the diffusion of target gas is faster and thus the response time is smaller at high H 2 concentration. The PANI nanofibers deposited on gold electrodes exhibits a small resistance decrease (-3%) at low H 2 concentration (1%) due to the direct interaction of hydrogen with PANI nanofibers. And the current versus voltage plots are linear for the sensor with gold electrode under hydrogen exposure. However, a much larger increase of the resistance (+65%) on platinum electrodes indicates much greater sensitivity because hydrogen interacts with platinum at the PANI-platinum interface [126] . With platinum electrodes in the presence of hydrogen, the current versus voltage plots are significantly nonlinear, as suggests that a Schottky barrier is formed reversibly. A proposed mechanism for the sensor of PANI nanofibers on the platinum electrode is schematically illustrated in Fig. 17 . When exposed to hydrogen, except that some hydrogen interacts with PANI nanofibers, most hydrogen passes through the porous mesh of PANI nanofibers to react with the clean platinum surface directly. Platinum hydride is formed at the interface between the platinum metal and PANI nanofibers. Then the oxygen passes through the mesh and react with platinum hydride to form water and platinum metal.
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This article is protected by copyright. All rights reserved. Thermal treatments have effect on the transduction of HCl-doped PANI nanofibers integrated in conductometric devices upon exposure to 1% H 2 (carried by N 2 ) [127] . After drying in N 2 at ~25℃ for 12 h, the sensors based on PANI nanofibers showed a 10% decrease in electrical resistance upon exposure to 1% H 2 . However, the devices subject to 12-h drying in N 2 at ~25 ℃ followed by further thermal treatments in N 2 at 100 ℃, 164 ℃ or 200 ℃ for 30 min showed different transduction behaviors. The devices subject to thermal treatments at 100 ℃ and 164 ℃ showed a ~7% decrease and <0.5% variation in electrical resistance, respectively. More interestingly, the device subject to the thermal treatment at 200 ℃showed a transduction behavior with obvious opposite polarity, i.e. a ~5% increase in electrical resistance upon exposure to 1% H 2 . Further analysis indicated that the observed results were related to the thermal treatments which caused HCl-doped PANI nanofibers to undergo (i) water desorption, (ii) crosslinking and/or (iii) partial carbonization. FTIR spectra indicate that the chemical structures and/or composition of the HCl-doped PANI samples can be altered by some of the employed thermal treatments.
Hydrazine gas sensor
The oxidation states of PANI includes the fully reduced leucoemeraldine form, the half-oxidized emeraldine form and the fully oxidized pernigraniline form [128] , as can be controlled by oxidation-reduction reactions [118] . For instance, hydrazine can convert the emeraldine form to the leucoemeraldine form as shown below.
As the PANI nanofiber film in the emeraldine salt form is exposed to hydrazine, the resistance rapidly and significantly increases by more than an order of magnitude due to the formation of the leucoemeraldine form of PANI, which was consistent with the color change from green to white and confirmed by the IR measurement result.
However, conventional PANI film shows a very small increase in resistance, unchanged color and no significant difference in reflectance-IR measurements. The enhanced reactivity of the nanofibers is most likely due to their high effective surface area [117] .
Capacitor
Electrochemical capacitor
As to the nanostructured PANI for electrochemical capacitor applications, the transportation distance of ions is dramatically shorter within nanostructured electrode materials than within conventional electrode materials composed of their bulk counterparts [129] . Dedoping process can create channels through the polymer matrix and increase free volume. Therefore, de-dped PANI nanofibers with micropores used as electrode material for high-rate aqueous electrochemical capacitor have higher specific capacitance and better long-term cycle stability of charge/discharge. The specific capacitance of de-doped PANI is about 593 F g −1 in the initial cycle, and still reaches 390 F g −1 after 5000 consecutive cycles. However, the maximum specific capacitance of doped PANI is 520 F g −1 , and its specific capacitance is 310 F g −1 after 5000 consecutive cycles. Moreover, its capacitance retention ratio reaches circa 87% with the current densities increasing from 2.5A g −1 to 15A g −1 , as has increased about 29% than that of doped PANI nanofibres [130] .
Supercapacitor
For supercapacitor, conducting polymers offer the advantages such as low cost over noble metal oxides, a three-dimensional charge-storage mechanism compared with carbons, and high electrochemical capacitor performance [44] . Among all the conducting polymers, conducting PANI has been considered as one of the most
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promising electrode materials for supercapacitors, not only for its high electrical conductivity and high specific pseudocapacitance associated with multiple redox states, but also for its easy synthesis, good environmental stability and relatively low cost [131] . PANI stores charge through a pseudocapacitive doping/dedoping mechanism, in which anions transport in and out of the electrode as PANI is oxidized and reduced, respectively [132] . Thin PANI nanofibers have attracted much attention as the electroactive electrode materials for supercapacitor because of its higher specific area and potential capacitance [133] . The PANI nanofibers electropolymerized have the specific capacitance of 1.21×10 3 F g -1 , which is the highest value using sulfuric acid (1.00M H 2 SO 4 ) as electrolyte [41] .
PANI nanofibers fabricated by interfacial polymerization in the presence of paraphenylenediamine (PPD) had higher specific energy and specific capacitances [68] . A specific capacitance value of 548 F g −1 , a specific power value of 127W kg −1
and a specific energy value of 36Wh kg −1 were obtained in PANI-PDD nanofibers prepared at a constant discharge current density of 0.18A g −1 . The reduction of PANI-PPD in the specific capacitance was only 25% after 1000 cycles. Moreover, network-like PANI nanofiber bulks prepared via a facile reverse microemulsion route [134] have high specific capacitance of 493F g −1 at acurrent density of 0.5A g −1 .
With the increase of the current from 0.5 up to 2A g −1 , PANI still retains more than 80% of initial specific capacitance, implying good rate capability. Compared with previously reported pure PANI [135] , the higher specific capacitance and rate capability might be attributed to its nanofiber-assembled network structure. Such a three-dimensional framework offers high polymer-electrolyte interface area, short path lengths and ideal conductive channel, ensuring fast redox reaction rates and rapid ion/electron transport. Upon the treatment of CHCl 3 , PANI nanofibers with a high specific surface area and improved pore structure (HSSA) were used as electrode materials for supercapacitors [136] . Compared with PANI, HSSA-PANI nanofbiers have much higher capacity rentention rate, spectific capacitance and cycle stability. The treated HSSA-PANI gained the specific capacitance of 178.3 Fg -1 at the current density of 30A g -1 (86.7F g -1 for PANI) and the capacity retention of 90% with a growth of current density from 5.0 to 30 A g -1 (29% for PANI). As electrode materials, a large specific surface area and pore volume can provide high electroactive regions, accelerate the diffusion of ions, and mitigate the electrochemical degradation of active materials.Therefore, HSSA-PANI, as an electrode material, showed an improved performance of electrochemical capacitance. Aqueous dispersed conducting PANI nanofiber with acidic phosphate ester as dopant and a uniform thin diameter of 17-26 nm were used as electrode material for supercapacitor [137] . The specific capacitance of 160 F g -1 at a discharge rate of 0.4A g -1 was higher than that of thick nanofibrous (120 F g -1 ) or spherical PANI (90 F g -1 ),
as is ascribed to its higher utilization of the active materials resulting from larger BET surface area of 70 m 2 g -1 . It high discharge/charge efficiency of 92% indicates that thin nanofibrous PANI possessed good electrochemical reversibility and discharge/charge rate-control capability. PANI nanofibers with high productivity and quality were prepared by a facile method Accepted Article through simply tuning acid-base environment of reaction medium [138] . Aniline concentration in alkaline medium has a stronger impact on the electrical and electrochemical properties of final products, however, their morphologies obviously depend on aniline concentration in acidic solution. Moreover, PANI nanofibers prepared at aniline concentrations of 48 mM in alkaline medium and 0.2 M in acidic exhibits the best electrochemical performance among all PANI products owing to relatively thin diameter, high doping degree, long conjugated length, high crystallinity and high conductivity. The largest specific capacitance is about 857.2 F g -1 at the scan rate of 5 mV s -1 in 1.0 M H 2 SO 4 aqueous solution, larger than those for PANI nanofibers prepared by high gravity chemical oxidative polymerization or interfacial polymerization [139, 140] . Furthermore, its specific capacitance still retains 63.8% of the initial data after 500 cycles.
Unfortunately, large volumetric swelling and shrinking of PANI during the course of charge/discharge leads to the structural breakdown and fast capacitance fading. To improve the cycle ability, Acid Red 27-crosslinked PANI (ARCP) nanofibers with the diameter of 300 nm -60 nm were prepared using Acid Red 27 (AR-27) as doping agent and crosslinking agent. Its largest specific capacitance of 463 Fg -1 when the feeding molar ratio of AR-27 to aniline was 0.04:1 reasonably results from its smallest R ct value, appropriate crosslinking density, special nanofiber structure and high doping level. Its specific capacitance retention of 85.5% after 1000 cycles is much higher than that of PANI to indicate its superior electrochemical cycling stability because AR-27 acted as a crosslinking agent or a support skeleton to effectively prevent PANI from volume expansion or contraction in the process of charge-discharge [141] .
Electrode materials for cells
Gas diffusion electrode for fuel cells
A series of PANI nanofibers were incorporated into gas diffusion electrodes (GDE) of proton exchange membrane fuel cells and improved their performances at low relative humidity (RH) conditions [142] . When the relative humidity declines from 100% to 70%, the membrane electrode assembly (MEA) fabricated with PANI nanofiber interlayer exhibited higher power density than that without the incorporation of PANI nanofibers. De-doping may result in lower electrical conductivity that inhibits the electron transport and lower hydrophilicity leading to the dehydration of membrane in low RH conditions. H 2 SO 4 doped PANI nanofibers more largely increased the power density than those doped with HCl due to the lower de-doping degree after the heat treatment.
Cathode material for rechargeable Li-polymer cells
PANI satisfies most of the basic requirements of an electrode material for a light-weight battery. The charge-transfer and mass-transport phenomena of nanostructured PANI are expected to significantly improve due to the higher
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electroactive surface area and thus it may perform better in rechargeable batteries than its macroscopic counterpart. PANI nanofibers synthesized by interfacial polymerization are employed as a cathode material in rechargeable lithium-polymer cells together with gel polymer electrolyte [143] . The cell delivers a maximum specific capacity of 69 mAh g −1 at 20th cycle and 48 mAh g −1 at 100th cycle, with 97% coulombic efficiency. The higher value of specific capacity compared with that of a PEO-based PANI cell is considered to result from both the nano-structure of the PANI, which facilitates the easy access of the electrolyte, and the GPE, which has higher ionic conductivity at room temperature.
Proton exchange membrane fuel cell (PEMFC)
PANI nanofibers possess improved PEMFC performance to prepare an optimized electrocatalytic support for Pt catalyst upon the carbonization at high temperature and subsequent sulfonation in sulfuric acids [144] . The obtained sulfonated carbonized PANI nanofibers was found to own both high conductivity and good hydrophilicity which can load more than 18% of Pt on the surface from a 25% H 2 PtCl 6 (aq) and demonstrate better electrochemical activity. It has more stable redox reaction and higher reducing current than carbonized PANI nanofibers in the oxygen reduction reaction testing. The PEMFC voltage only slightly decays with increasing current density due to little concentration polarization resulting from the N-containing, conducting feature of sulfonated carbonized PANI nanofibers.
Removal of contaminant from water
Among various nanostructures of PANI, nanofibers have high potential in enhancing performance for removing contaminants from water. PANI nanofibers with 50-80 nm in diameter prepared via a simple rapid mixing polymerization method was used as highly effective re-usable adsorbent for removal of reactive black 5 (RB5) from aqueous solutions [145] . RB5 removal efficiency was slightly pH dependent with the maximum removal obtained at pH 2.0. The adsorption capacity increased with the increase in initial concentration of dye and the temperature. The Langmuir maximum adsorption capacity of RB5 at pH 6.0 was found to be 312.5, 389.1 and 434.7 mg g -1 at 25 ℃, 35 ℃ and 45℃, respectively. The kinetic data fitted well with the pseudosecond-order model while the equilibrium data were satisfactorily described by the Langmuir isotherm model. The PANI nanofibers retained the original adsorption capacity for five adsorption-desorption cycles, suggesting the reusability of the adsorbent for RB5 dye removal. The presence of large amounts of amine (-NH) groups in PANI enables it as a suitable candidate for the removal of heavy metals. As an adsorbent for the removal of Cr(VI) ion from aqueous solution, sodium alginate-polyaniline (SA-PANI) nanofibers can be reused for more than three successive cycles [146] .The removal of Cr(VI) ions by SA-PANI nanofibers was highly pH dependent and mainly driven by electrostatic adsorption coupled reduction mechanism. As indicated by the thermodynamic parameters, the sorption process was spontaneous endothermic physisorption in nature.
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Antioxidant activity
PANI in aqueous dispersion was effective scavengers of free radicals and had the antioxidant activity similar to phenolic antioxidants such as ascorbic acid and catechin [148] . The antioxidant activity of PANI nanofibers is higher than the conventional PANI due to the larger surface area. And its antioxidant activity increased when the average diameter of the nanofibers decreased because it is concerned with the diameter-dependent surface area. Therefore, HCl doped PANI nanofibers showed better antioxidant activity than those doped with HNO 3 , H 2 SO 4 and HClO 4 due to the smallest average diameter of the PANI nanofibers produced in HCl solution [149] . Furthermore, it is confirmed that the reduction in particle size and changes in structural conformation, namely the change in torsion angle of Cring-N-Cring, greatly affects the antioxidant activity of the PANI nanofibers compared to the bulk counterpart [150] .
Corrosion inhibition
In 1985 Deberry demonstrated a change in corrosion potential and corrosion current of stainless steel plate with PANI coating [151] . Subsequently, there are a number of reports on the protection effects of the electroactive PANI. Wessling et al. found that the corrosion potential for PANI-coated metals significantly shifts towards noble potentials and corrosion current decreases [152] . The carbon steel coated with PANI nanofibers has more excellent corrosion protection than that with aggregated PANI [33] . On one hand, the PANI nanofibers synthesized by interfacial polymerization possess favorable dispersion stability in ethanol, which result in formation of even and compact coating layer on the surface of carbon steel. On the other hand, the surface of carbon steel coated with PANI nanofibers formed better passive layer composed of α-Fe 2 O 3 and Fe 3 O 4. It could be explained that the PANI nanofibers have larger specific surface than the aggregated PANI, which easily adhere to carbon steel and form a fine structure for anti-corrosion.
Self-doped sulfonated polyaniline (SPANI) nanofiber synthesized via a rapid mixing polymerization approach is suitable as corrosion inhibitor for waterborne coating due to its ultra-small nanofiber structure, excellent aqueous solubility and unique reversible redox behavior. However, because the poor adhesion of PANI coating to metal substrate limited its practical application, blending PANI nanofiber in the polymer resin as an additive combines the good adhesion of organic coating and electroactive properties of PANI. The only incorporation of 0.5 wt% SPANI nanofiber significantly enhanced the corrosion protection performance of waterborne epoxy coating because it facilitated the formation of a passive layer [153] . The SPANI/epoxy composite coatings exhibited excellent protective performance with high impedance modulus during the120 days immersion in 3.5 wt% NaCl solution while blank epoxy coating has been invalid after 80 days immersion in the same test condition [154] .
Enzyme immobilization
Conducting polymer nanofibers as immobilization matrices show superior properties over other carrier materials, such as their environmental stability (high stability to extremes of temperature, pH and resistance towards microorganisms), direct electron transfer capability between an enzyme and a polymer, ease of preparation, higher enzyme loading per unit mass with reduced diffusion resistance with a shortened path for substrate diffusion, higher conductivity and more facile fabrication. The asparaginase enzyme immobilized by PANI nanofibers exhibits enhanced activity, reusablility, sustainability and stability towards decomposition/denaturation with temperature and pH variations compare with the free enzyme [155] . 
Electrocatalytic reduction of nitrate ion
Conducting polymer-modified electrodes are much more active than classic metal-modified electrodes for nitrate reduction because the redox and ion exchange properties of the conducting polymers allow the exchange between the hydroxides produced and the dopant anion of the conducting polymer. The higher peak current density for the Au electrode modified with PANI nanofibers indicated that they are effective in electroreduction of nitrate ions compared to other reduction methods [156] . The electroreduction process strongly depend on the applied potential. At the potential of about -0.8 V vs Ag/AgCl, nitrate anions were electroreduced to nitrate ions. In the potential range of -0.8 to -1.0 V, reduction of nitrite to hydroxylamine occurs, followed by the reduction to ammonia. At potentials more negative than -1.0 V, nitrite is directly reduced to ammonia.
Direct electron transfer of glucose oxide
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The good biocompatibility of PANI nanofibers enables them to become a simple and effective platform for the integration of proteins/enzymes and electrodes, which can provide analytical access to a large group of enzymes for a variety of bioelectrochemical applications. The PANI nanofibers are used as an electrode substrate for immobilization and facilitating the direct electron transfer (DET) of redox proteins/enzymes with glucose oxidase (GO x ) as a model. After being immobilized on the PANI nanofibers, GO x can keep its natural structure and undergoes effective DET reaction with a pair of well-defined, quasi-reversible redox peaks at -418 mV (pH 7.0, 10 mV/s). The apparent electron transfer rate constant is (6.3 ± 1.6) s -1 . The GO x -nanoPANI/GC electrode displays good features in electrocatalytic oxidation of glucose; therefore, it can be used as a biosensor for detecting the substrate with a low detection limit (0.5 μM), a wide linear range (0.01 to 1 mM), a low apparent Michaelis-Menten constant (1.05 ± 0.04 mM), and acceptable stability and reproducibility [57] .
Schottky diodes
An organic/inorganic Schottky diode is one of the simplest devices to fabricate and consist of a junction formed by a conducting polymer and an n-doped inorganic semiconductor. The Schottky diodes using PANI nanofibers and n-doped Si have clear rectification for thick fibers but the rectification ratios significantly reduce as the nanofibers get thinner [157] . The thermionic emission at the junction is fit for the typical Schottky diodes so that the barrier height is determined by factors such as the polymer work funstion and the surface states on the semiconductor. However, a charge tunneling mechanism is possibly suitable for the Schottky diode based on the thinnest PANI nanofiber because the surface states on the semiconductor exert a weaker influence on Schottky diodes fabricated from thinner fibers due to reduced junction area. Lowering the fiber doping level reduces the device rectification ratio but has no influence on the other diode parameters, suggesting that the possible tunneling process is related to the size of the Schottky junction (and hence the depletion width) and is independent of the fiber conductivity.
Actuator
PANI nanofibers synthesized through the rapid mixing method have high electrochemical activity and thus high actuation stroke. However, PANI based actuators need to work under acidic solutions, because the expansion and contraction of PANI is based on, respectively, injection and rejection of ions due to applied electric potential stimuli. This limitation restricts the application of PANI-based actuators in many fields specially biology (human artificial muscles) and soft robotics.To overcome this limitation, cross-linked polyvinyl alcohol was sandwiched between two polyaniline nanofibrous electrodes as ion containing electrolyte gel. At the initial cycles of the actuation in air, stroke as high as 7 mm made the total displacement of 15 mm. The air-actuator could retain 16.67% of initial actuation stroke after 1600 s of working in air at 50 mHz. Displacement of the strip actuator by
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a voltage stimuli as low as 0.5 V under solution showed stable and repeatable results. PANI nanofibers have high actuation stroke because their high aspect ratio create a porous network which facilitates ion diffusion and thus accelerates redox reactions [158] .
Conclusions and prospects
PANI nanofibers combine metal-like conductivity with specific chemical and physical properties caused by the size of nanoscale materials so that they currently become the focus of intense research. PANI nanofibers can be prepared in both electrochemical and chemical polymerization. The electrochemically synthesized PANI is relatively purer and more environmentally friendly. Different formation mechanisms of PANI nanofibers during the course of electrochemical polymerization were proposed. Various experimental parameters have very important influence on the PANI nanofibers by the electrochemical polymerization. The chemical polymerization is an easy and inexpensive means of obtaining PANI nanofibers in bulk quantities and can be divided into template synthesis and template-free synthesis. Aniline monomers polymerize in the pores or channels of hard template. For soft template method, structure directing agents used include sodium alginate, ionic liquid, acids, sucrose octaacetate. The template-free polymerization is getting more interest because no post-treatment is need without template. The common template-free methods include interfacial polymerization, rapid mixing polymerization, high gravity chemical oxidative polymerization, sonochemical synthesis, dilute polymerization, seeding polymerization, UV-assisted synthesis, surfactant-free emulsion polymerization, etc. The conductivity of PANI nanofibers could exceed 30 S/cm, higher than that of PANI without nanostructures. At the same oxidation level, the conductivity and the mobility of positive charge carriers for PANI nanofibers are higher than those of conventional PANI. The three-dimensional variable-range-hopping (3D-VRH) model is suitable for explaining the conductive mechanism of PANI nanofibers. As gas sensors, PANI nanofibers have greater sensitivity and a faster response time due to a high effective specific surface area and shorter penetration depth for target analyte molecules compared with its conventional bulk materials.Thin PANI nanofibers has attracted much attention as the electroactive electrode materials for supercapacitor because of its higher specific area and potential capacitance. PANI nanofibres employed as a cathode material in rechargeable lithium-polymer cells have higher value of specific capacity. PANI nanofibers can be used as highly effective re-usable adsorbent for removal of reactive black 5 and Cr(VI) ion from aqueous solutions. The antioxidant activity of PANI nanofibers is higher than the conventional PANI and increases when the average diameter of the nanofibers decreases. The carbon steel coated with PANI nanofibers has more excellent corrosion protection than that with aggregated PANI because the PANI nanofibers with larger specific surface easily adhere to carbon steel and form a fine structure for anti-corrosion. The asparaginase enzyme immobilized by PANI nanofibers exhibits enhanced activity, reusablility, sustainability and stability towards decomposition/denaturation with temperature and pH variations compare with the free enzyme.
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In the future, the preparation of PANI nanofibers will be further explored and novel polymerization methods may be used to prepare PANI nanofibers with high yield and efficiency. And the properties of PANI nanofibers such as solubility and sensing property etc. will be enhanced through the introduction of various acids or by the change of chemical structure. Furthermore, the potential applications of PANI nanofibers will be thoroughly investigated in much wider area and the practical applications will be realized along with the improvement of the preparation and properties.
